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Deregula^tion of cell proliferation is . a hallmark of neoplastic 
trai^ormatioit Alteration in growtii control pathways most trans- 
late I into changes in the ceD^cle regulatory machinery, bnt the 
me c h a n is m by which tins occurs is largely unknown. Compared 
with normal human nTjroblasts, cells transformed with a variety of 
viral oncoproteins show striking changes m ue snbimit composition 
of the cyclin-dependent kinases (CDKs)^. In normal cells, CDKs 
exist predominantly in multiple quaternary complexes, each con- 
taming a GIW^ cydin, proliferating cell nuclear antigen ami the 
p21 protein. However, in many transformed cells, proliferating cell 
nuclear^antjgen and p21 are lost from these mulriprotein enzymes. 
Here we have investigated the significance of this phenomenon by 
molecular cloning of p21 and in vitro reconstitiition of the ^uater- 
nary cell-cycle kinase complexes. We find that p21 inhibits the 
■'SfflfttyW member of the c^clu^CI>k famfly. Furthermore, 
overexpression of p21 inhibits t|m proliferation of mamm ajian 
cefls; Our results indicate that p21 maybe a universal inhibitor of 
cyclin kinases. 

In m ja mm alia n cells, cell-cycle regulation is effected by the 
onterepl activation of a group of related enzymes known as the 
cydm-aepeiident Jdnases (CDC2 and CDK2 to CDKS, see tef 
2 for review). The activity of these enzymes is controlled in 
part byjtheir association with regulatory subunits called cydins 
(cyclinsj A to E; ref 2) Early studies suggested that multiple 
binajy ^lin/CDK complexes comprised the primary effectors 
of cell-cptele progression, and that further regulataon is achieved 
by bbtlr activating arid mhibitory phosphorylation of the CDK 
subumt^ (reviewed in ; ref 3) However, these studies were carried 
put ^dusryely m transfbimed cells, and suTbsequent 

imestigatifin of normal cells revealed a more comphcated 

H^^^S'^I^ N0 ^ ^ m : R0 ° m ^terp Hall. phapel 



situation 4 : In untransformed hunian fibroblasts, each of the 
cyclin-dependent kinases exists in part m quaternary com- 
plexes consisting of a cyclin, a CDK^ proliferating ^ cell nuclear 
antigen (PCNA) and an uncharacterized subunit of Mi 21K, 
termed p21 (reft 4, 5) On transformation of fibroblasts by the 
oncoproteins of various DNA tumour viruses (for example, 
SV40T antigen, adenovirus E1A/E1B, HPV-16, E6/E7), the 
subunit composition of cycfc-CDK complexes under- 
goes dramatic rearrangement 1 . CDK4 dissociates totally from 
cyclin D, PCNA and p21, and instead associates exclusively 
with a polypeptide of M T 16K (pl6)L Neither PCNA nor p21 
associate with CDC2-cyclin Bl . Cyclin A complexes no longer 
contain p21 but acquire a new 19K subunit. Strikingly, loss 
of p21 from the (SDK complexies also occurs in p53-defi- 
cient cells derived from IJ-Fraumeni patients that carry no 
known DNA tumour virus 1 . This indicates that loss of p53 
alone rnight alter the subunit composition of the cell-cycle 



To investigate this possibility, we isolated a complementary 
DNA encoding the one uhcharacterized component of the quat- 
ernary complex, as a prerequisite to in vitro reconstitution and 
biochemical analysis. p21 was purified by large-scale aiiu-cyclin 
D mimunoprecipitation (see Fig. 1 legend): The purified protein 
was rmcroseq^uericed; and dejgenerate polymerase chain reaction 
(PCR) primers were prepared based on the sequences of four 
peptides. Amplification of cDNA from U118 glioblastoma cells 
with primers derived; from the K10 and Kl 3 peptides (see Fig. 
1) generated a 96^base-pair (bp) fragment. TTi&was used as a 
probe to isolate a full-length cDNA from a library prepared from 
the Ul 18 cell line, and several positive clones were obtained. One 
contained an ~600-base insert which included a 1 6^amino-acid 
open-readmg-frame (see Fig. I). In vitro translation of this 
cDNA generated a protein which comigrated exactly with the 
cyclin D-associated p21 from Wi 38 cells (Fig, 2a). Partial V8 
protease mappmg demonstrated that these proteins are identical 
(Fig.2£). / 

(^chn/CDK complexes containing: p21 were reconstituted 
using a baculovirus expression systeirL Quaternary complex forr 
mation was observed in lysates from irisect cells (carrying viruses 
that encode p21 and PCNA in combination with those encoding 
cyclin D and CDK4, cyclin E and CDK2, cychn A and CDK2 or 
cyclin B and CDC2 (Fig 3), These in vitro quaternary complexes 
precisely mirrored bur previous data which indicated that p21 
and PCNA associate with each of the cychn kinases in vivo 4 * 5 , 
Furthennore, p21 alone can bind to each cychn/CDK pan to 
form apparent ternary complexes (Fig 3), suggesting that 
PCNA is not necessary for the interaction of p21 with cyclrns 





F|G, I Sequence of the p21cDNA. The sequence of the p21 cDNA and 
the deduced amlno-actd sequence of the p21 protein are shown The 
positions of the peptides obtained from microsequenclng are underlined 
(see text) Asterisk indicates stop codon 

METHODS For the purification of p21 0 WI38 cells (passage 24) were 
grown to late log phase on 400 15-cm tissue culture dishes In Dul- 
becco-s minimal essential medium supplemented with 10% fetal bovine 
serum. All subsequent steps were carried out at 4 °C. Cells were rinsed 
In phosphate-buffered saline (PBS)* collected and lysed In NP40 lysis 
buffer 1 , the lysate was clarified by centrlfugatlon at S.OOQgfor 10 min, 
and the supernatant was added to 2.5 mg of affinity-purified cyclin Dl 
antibodies, covalentJy crosslinked to protein A-Sepha rose beads with 
dimethyl palmftate (Pierce). Immurropreciprtation was carried out for 
4 h, after which the beads were washed four times with lysis buffer. 
The supernatant was subjected to a second round of affinity chromato- 
graphy by trie addition of fresh anti-cyclln Di-Sepharose. Proteins were 
released from the beads by boiling in SDS sample buffer and loaded 
onto a 12% SDS-polyacrylamide gel (acrylamide:bis-acrylamlde 
37.5:1). The gel was stained with 0.05% Coomassie brilliant Blue 6 
(Sigma) for 15 min, destained and soaked in water for 1 h. The p21 
protein (~2 ug) was excised from the gel arid subjected to in-gel diges- 
tion with Achromobacter endoprotease I for 24 h at 30 °C as described 
previously 9 . Digests were cleared by centrifugation and the supernatant 
was filtered through a, 0.22-um membrane (Ultrafree-MC, Miliipore). 
Peptides were separated by reverse-phase HPLC (Hewlett Packard 
1090) using a Vydac C18 column (2.1 * 250 mm, 5 urn, 300 A) with an 
anioh-exchange pre-column (Brownlee GAX-013, 3.2x15 mm). Pep- 
tides were eluted with an acetbnitriie. gradient and their absorbance 
was monitored at 214, 280, 295 and 550 nmi Amino-acid sequencing 
was performed on an automated mtcrosequehcer (ABI model 470) with 
on-line HPLC (ABI model 120A) analysis of phehylthlohydantoin-tagged 
amino adds. Four peptide, sequences were obtained as follows: K10, 
tSLVP?SG EQAEGSPsk; K13, 7RQTSMTDFYHSK; K14, RRUFSK; K21, 
LYLPTG PpRSRDEDLG IS. Lower-case letters indicate likely identification 
and question marks indicate uncertainty. Degenerate oligonucleotide 
primers were designed based on the three longest peptides, K10, K13 
and K21. Primers ; were synthesized in both directions and codohs for 
serine were spirt to reduce degeneracy. One or two amino acids were 
reserved at each end for the verification of any PCR product Template 
DNA was prepared from several human cDNA libraries (WI38 and HeLa 
cell, Stratagene; U118 cell, a gift from M. Wigjer) as described 10 . Thirty- 
five cycles of amplification were performed (50 or 55 °C annealing and 
72 °C extension) after which products were resolved on a 1.5%agarose ; 
gel. All DNA fragments smaller than 500 bases were excised and 
inserted into pUC118 for sequence analysis. Amplification with one pair 
of primers derived from the K10 and K13 peptides (K10 primer 




aSSAAGGTCAGTTCCCTGT^^ \ 

70 • 96 lio :^"V ... 

CTC»GAGG&G«X3CCATGTC^^ 

M S E P A G D V R Q H P C G S 

130. - ■ 150 170 

AAGGCCraX^CCGCCTCTTCGGCOCAG :«'■ 
K . A C R R L P. G P V D 3 B Q L . S R D C D ': 

.* " 190 • 210 . 230- 

GCGCTAATGGCGGGCTG^TOAGG^ 

A L. » A G C I Q, E A R E R W N F D -T '• V ;.T • 

250 270 290: 

GAGACACCAGTGO^^ 
:B T P. L E G D PAW B R V R G L G L P K 

.310 330 .350 . 



L X X. P T G P R R G R D E L G G G R R P 
K21 

370 ; 390 I • 410 . 

GGCACCTOiCCTGCTCTGCTGCaGGG^ 

G f S P A L L Q G T A E E . D H V D L S. L 

430 450 .470 . 

TCTTGTaCCCTTGTCTCT^^ 

SCI L V P R 5 G B Q A B G S.P -G G P G 
• K10 

490. 510 530 

GACTCTCAGGG!TC(aAAACXX3CGGCAGAOCAG 

D S Q . G .R K R R Q Tl S M T D F Y H : S K R . . . 

K13 ' 

550 , 570 590 / - 

CGGCTGATCTTCTCCAAGAGGAAGCCCTAATCCGC^^ 
R L I' F S K R K P * 

K14 

GGNGA(A/G]eiA{A/GJGCNGGNTCNCC ( encoding GEQAEGSP; K±3 primer 
rmCA[A/GFG[A/GFA[VG)AA[VGFCNGTCATNC^N enco- 
ding QTSMTDFYHSK) gave rise to a specific 96-bp PCR fragment that 
encoded 13 amino acids in addition to those encoded by the PCR 
primers. This sequence encoded KRR preceding the K13' primer. This 
was consistent; with i the sequence K?R which was predicted to precede 
the sequence encoded by the K13 primer. The PCR fragment was 
excised from pUC118 and used as a probe for screening a human 
U118 cDNA library. Several posruve clones were obtained, and 10 were 
chosen for subsequent analysis. One of these contained an ~60O*ase 
insert which was shown to carry the entire p2ircoding region. 



and GDKs. We cannot, however, formally exclude the possible 
presence of insect cell PCNA in the p21 /CDK/cyclin complexes 

We used the same baculo virus reconstitutipn system to assess 
the effect of p21 on the enzymatic activity of the cyclin kinases: 
Anti-CDK2 immunoprecipitates were prepared from lysates of 

S-labeUed insect cells co-infected with wuses enccKynfe.ppK2 
and cyclin A. The precipitates contained cyclin A/GDK2 and 
displayed substantial histone HI kinase activity (Fig 4a-d) 
Addition of mcreasing amounts of a lysate containing p21 
resulted in progressive formation of cyclin A/CDK2/p21 
teniary : complexes (Fig. 4a). As p21 neared stbichiometr^; 
CDK2 kinase acti\% was abruptly inhibited (Fig. 4^). Addition 
of PG^A, irk jan citnerwise identical exjrjerimjEait; resulted in the 
formation of quaternary complexes (Fig. 4c) but had no effect 
on either histone kinase:, activity or its inhibition %y p21 (Fig. 
4d) Smular inlnbition by p21 was observed with cyclin B/CDC2 
and cychn E/CDK2 kmases (pur unpublished results) 

C^elin/GE)K4; fan^ dnlers from the other cychn kinases in 
its inability to utilize histone HI as a substrate. To da^e, the 
only substrates knjDwn for cyclm D/<^K4 kinases are the; mem- 
bers of the TCthicjblastoma (Rb) faM of ^jpocket' proteins^ 
We therefore tested the effect of p21 ; ott the ability of cyclin 
D/CDK4 to phosphorylate Rb. As previously descwbed, insect 
. cell lysates containing cychnJ D or CbK4 alone showed httle 
activity toVa^ to Rb 
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RGi 2 a, Cyclin Dl-assoclated proteins were imnriunoprecipitated from 
^methionine-labelled WI38 cells using an antl-cycl.in Dl antiserum 
(a-Dl, left lane) and electrophoresed in parallel with in v/tn>translated ic 
^methionine-labelled putative p2i protein (p21-IVT r right lane) For 
reference, the positions of labelled protein markers are shown, b, In- 
vitn>translated putative p21 and cyclin Di-associated p21 were elec- 
trophoreticeily purified from a gel similar; to that shown In .a. These 
polypeptides were then subjected to partial V8 protease digestion using 
the Indicated amounts of enzyme Resulting peptide fragments were 
fractionated on a 173% pplyacrylarnide geL Cell culture, immunoprecK 
pltation and partial V8 protease digestion were performed exactly as 
described previously 4 :':-. : 'l * : :r-"^'\i~. ' . ' 
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FIG, 3 .Recqnsjitijtlbn pf p2VPCNVcyclln/C0K quaternary complexes 
ln baculovfrus-lnfected cells. Exponentially growing Sf9 <*lls Were co- 
infect^ wj^ bacujpyi^es encoding p21 and tne Indicated cyclins and 
COKs In the presence (+) or absence (.-) of a baculovirus directing the 
expression of PCI^, At 40 h p«st-infection f cells were labelled with 3 *S- 
methiohfne for 3 h and rysed in NP40 lysis buffer The pn^ih complexes 
were Immunoprecjpitated with antl-CDK4 (panel 1), anti-CDk2 (panels 
2, 3) or an^CDC2 (panel 4) antibodies and a narysed by gel electro- 
phoresis. The positions of protein M r standards are indicated 
METHODS.jnsect Sf9 cells were maintained in Grace's medium supple- 
mented ^with 10% heat-Inactivated fetal bovine ser\im, lactalbumin 
hydrolysate and yeastoiate ultraflrtrate at 27 °C. Recombinant baculo- 
viruses were > constructed using the BaculcMSdld transfection system 
£harmingen) according to the' manufacturer's instructions. CDK2 
CDC2, cyclin A, cyclin Di and cyclin E baculovlruses were gifts from D' 
^ g ? f1, °Jt herr or S " Gr Menwaid. For the production of recombinant 
proteins, S© cells were infected wjth muitipllcities of Infection above 
10. After 36-48 h. the cells were labelled with 100 uCimr 1 of '""S- 
"S^^^^^' K J^ y labeinn & - cell lysis and Immunoprecipita- 
tion were carried out as described previously". 
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FIG 4 a-d, p21is an inhibitor of cyclin A/CDK2 kinase. Sf9 cell Ivsates 
of a p2l^ontaining:rysate. In c and d ( an: additional 40 ul of a Ivsate 

S^»k ^SEzF***- were ^munoprecipitated from cell 
^DK2 antiserum. lmm M nopredpitates were split fo 
M « ° rf6r kinase 

Sa5*^ * ^ .P21^ inhibits cyclih 

kinase. Lysates from §f9 cells co^infected with baculoWruses 

: ^ increasin^amo^ 

of a p21-containing rysate <as indicated) at 30 °C for 30 mln The first 

; ^o lanes show;lysates from cells Infected With baculovin^ en^|S 
efther cyclin pi or CPK4, The lysates were split for aSS 
immunoprecipitajted; w 

^ which was immunoprecipttat^ith' a^^4^^fj%& 

cuhure> ba^'ovirus infection and metabolic labelling 
t 3g» ^ described in Fig. 3 legend For preparation of kinase^ extracts! 

q^ othrertoj, Cells were then lysed^ln kinase buffer by four passages 
;: T^ l ^ y ^ o ^ n ^^0^^ 12 000^ and stored at *C untfl 
I^^S^^^^ encoding cyclin 01 and GDK41 For a^d, 

4 .were stopped bidding 20 mM: 
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incubation, the reactions 
and the C^ifV<^^P^J^^i^ 
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ffi^Wf** 88 described?. After immunopreclplt. 

^^br tN anelysis'of 
ti^protein composition and half for kinase assay, -Histone Hi*' kinase 
a^were pen^rmed as de^b^^^ 

^anS^ mln wS. 

E de^ri& was assayed using bac^rially produced GST-- 
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/tiaVKhj^ 4*,.j?> ;AadSi^^^uaRia^ 

^c^ts 6f p21 i^s^t^ in the accuniulati n of<^<^©/CDK4/ 
p2i ternary cotnplexes (Fig. 4e) f with a corre^onding inhibition 
6f Rb f ^o^h^^orf 4/) y Again* incluaoh %f PCNA 
Was'essepti^y ^thbut eflFect (ou^ unpublished; results).; _ t v / ; 

ases sugg^ that p2l is a universal GDK iu^bitor Thus, oyer? - 
expression of p21 in utoo would be expected to cause cell-cycle 
arrest. To address this question, we examined the effect of p21 
overexpression on cell proliferation using a stable colony forma- 
tionassay 7 Transfection of SAOS-2 cells with a pRcCMV vector 
alone yielded "a large number of stable transformants. However, 
transfection with either of two independent preparations of a 
plasmid directing the overexpression of p21 failed to produce an 
appitpcaable number of colonies (results not shown). The effect 
of p2i overexpression was virtually identical to the effect of p53 
overexpression in a parallel transfection. These results indicate 
that p21 may be an mhibitor of cell proliferation. 
. .As we have previously found that p21 is absent from cyclin/ 
C]t)R complexes m celk lacldng functiond p53 (ref. 1), we iso- 
lated the murine p21 cDNA (data not shown) and examined 
p2I messenger RNA levels in fibroblasts derived from p53^riuiT 
mice. Compared with fibroblasts from normal embryos, p53 
*nuir fibroblasts showed ~50-fold lower levels of p21 mRNA 
(data not shown). Furthermore, p21 mRNA is mduced ^10- 
fold by y-irradiation of a p53 + myeloid leukaemia cell line 
(mL-7) iut is unchanged upon similar treatment of a myeloid 
leukaemia '»pll: line that lacks p53 (hl-60; data not shown). 
These^^^qdicate that j>21 is regulated by the p53 pathway. 
. to 3natiy :i tonsformed cells, cyclins and CDKs associate in 
binai^osomplexes which form the core of the ceflncycie regulatory 
machinery. In normal cells, a major fraction of the cyclin kinases 
acquires two additional subunits and thereby forms quaternary 
complexes 4,5 . We have isolated a cDNA encoding, the. one 
uncharacterized component of these quaternary complexes, p21. 
Reconstitution of quaternary complexes in insect cells revealed 
that p21 is a universal inhibitor of cyclin kinases. As such, p21 
inhibits cell proliferation upon overexpression . in mammalian 
cells. Taken in conjunction with the previously demonstrated 
absence of p21 protein in the cell-cycle kinase complexes of cells 
with deficient p53, our results indicate that p21 could be a 
transcriptional target of the tumour suppressor protein, p53: 
One function of p53 is to act in a cell signalling pathway which 
causes cell-cycle arrest foUowing DNA damage (see, for example 
ref. 8). We suggest that p21 forms a critical link between p53 
and the cell-cycle control machinery. □ 
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The division cycle of eufanyotic cells is regulated by a family of 
protein kinases known as the cydin-dependent kinases (CDKs) 1 - 3 . 
The sequential activation of individual members of tins family and 
their consequent phosphorylation of critical substrates promotes 
orderly progression through the cell cycle 3 - 4 . The complexes 
formed by CDK4 and the D-type cyclins hare been strongly impli- 
cated in the control of cell proliferation during the Gl phaser*. 
CDK4 exists, in part, as a multi-protein complex with a D-type 
cyclin, proliferating cell nuclear antigen and a protein, p21 (refs 
7-9). CDK4 associates separately with a protein of M r 
particularly in cells lacking a functional retinoblastoma protein 9 . 
Here we report the isolation of a human pl6 complementary DNA 
and demonstrate that pl6 binds to CDK4 and inhibits the catalytic 
activity of the CDK4/cyclin D enzymes. pl6 seems to act in a 
regulatory feedback circuit with CDK4, D-type Try clins and retino- 
blastoma protein. 

The yeast two-hybrid protein mteraction screen 10 was used to 
search for proteins that can associate with human CDK4. Two- 
hybrid screening relies on reconstituting a fimctional' GAL4 
transcriptional activator from two separate fusion proteins, the 
activation domain (GAIA**) and the DNA-binding domain 
(GAI^*). A positive cDNA clone was found which contained, 
in-phase with GALJ^, an ojpen reading frame of 148 amino 
: acids encoding a protein of M r 15,845 comprising four ankyrin 
repeats (Fig. la). We have nained this protein plfi 1 ^ 4 (inhibitor 
of CDK4; see below). 

, To test the specificity of the association between p!6 IN ^ 4 and 
CPK4, yeast cells were cxntrar^^ with a plasnn^ encoding: 
. the GAL/t^-p^ 1 ^ 4 fusion and ^ with i plasmids ericc^mg several 
different targets (see Fig. ij). Only the GAL4 db -<±>K4 fusion . 
interacted with GAL^-ptf 1 * 4 to an extent that allowed growth 
in the absence of histidine (Fig. 16); The specificity of this inter- 
action was studied in a cell-free system. A fusion protein consist- 
ing of glutathione ^-transferase iusecl to pl6^ K4 i^t-pie 11 ^ 4 ) 
was expressed in bacteria and purified. GST-p^ 11 ^ 4 was mixed 
with different in w/ro-translated 35 S4abelled CDKs (Fig. If, 
top), and the GST-pie 1 ^ 4 fusion protein was recovered from 
the different mixtures on gJutathione-Sepharose beads. GST- 
pia 1 ^ 4 bound much more efficiently to GDK4 (>30-fold) than 
to the other CDKs tested (Fig. Ic, middle). The specificity of 
the Q)K4/pl6^ 4 mteraction was also studied in insect cells 
uifected with a recombinant baculovirus encodmg p!6^ 4 and 
wiu^ baculovinises encodmjg CDK4 or CT)K2, respectively (Figi 
\d)i plo™* 4 was cc^immunopredm 4 taM with anti-CDK4 qgg. 
H lane 1), but not with anti-CDK2 (lane 4). Conversely plo™ 4 
antibodies co-unmunoprecipitated CDK4 (Fig. Id, lane 3), but 
not CDK2 (lane 6). These results demonstrate that pW™^ 
mteracts speaficaUy with CDK4. Glycerol gradient centnfuga- 
tion mdicatecl thai CDK^ and pl6°™ from insect cell extracts 
forim a buiary (1 ;1) complex (datanot shown); 

Anti-CDK4 nnmunpprecipitates from a normal human 
diploid fibroblast line, W138, revealed that CDK4 associates 
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